Case 1
The patient was a 19-year-old female who presented with a persistent sore throat in January 2009. There were no underlying health problems or immunodeficiency and no recent travel history was reported. Throat swabs were incubated for 3 days on tellurite plates. Suspected C. diphtheriae colonies were then subcultured on to a Loeffler's serum slope, incubated for 14 h then examined for metachromatic granules using Albert's stain. The Streptococcus and Diphtheria Reference Laboratory (Health Protection Agency Streptococcus and Diphtheria Reference Unit at the Centre for Infections, Colindale, London, UK) confirmed the isolate for toxin production (toxin-negative) and assigned the biotype as gravis.
Case 2
The patient, a 25-year-old male from Poland who had been living in Scotland for 2 years, presented to the clinic with a persistent sore throat, cough and purulent cysts on his tonsils in January 2010. The patient was systemically well, reported no recent travel history, and had no known immunodeficiency. The immunization history of the patient was unclear. The isolate was treated as in Case 1 and was confirmed as biotype gravis and toxinnegative by the reference laboratory (Health Protection Agency Streptococcus and Diphtheria Reference Unit).
Case 3
The patient was a 22-year-old female from north-east Scotland. She presented with a persistent sore throat, intermittently inflamed and painful right tonsil and complained of chronic right nostril blockage in February 2010. The patient also had congenital cheiloschisis and palatoschisis. There was no recent travel history and the patient was immunized as a child and had no underlying immunodeficiency. The isolate was treated as in Case 1 and confirmed as biotype gravis and toxin-negative by the reference laboratory (Health Protection Agency Streptococcus and Diphtheria Reference Unit).
There was no known link between the three cases. All three isolates had identical morphologies on Trypticase Soy agar containing 5 % sheep blood and Brain Heart Infusion agar. Their biochemical characteristics were confirmed using API Coryne (bioMérieux) and all strains were reconfirmed as C. diphtheriae biotype gravis. Antibiotic susceptibility testing was completed as prescribed by the Clinical and Laboratory Standards Institute (CLSI, 2006) on Mueller-Hinton agar containing 5 % horse blood. All three strains were tested against and found to be susceptible to ampicillin (10 mg), cefotaxime (5 mg), ciprofloxacin (1 mg), erythromycin (15 mg), penicillin G (10 units), rifampicin (5 mg) and tetracycline (10 mg) by disc diffusion assay. All antibiotics were purchased from Oxoid.
Recent cases
A review of the cases of non-toxigenic C. diphtheriae isolated in the Grampian area (Aberdeen Royal Infirmary is responsible for a population of 500 000) since 2002 revealed that there were 27 cases of C. diphtheriae infection. Only the last three isolates were available for characterization (see above). All were non-toxigenic isolates with 92 % (25 cases) being C. diphtheriae biotype gravis, 4 % (1 case) being C. diphtheriae biotype mitis and 4 % (1 case) being C. diphtheriae biotype belfanti. All isolates of C. diphtheriae biotype gravis and biotype mitis were isolated from throat swabs with 92 % (25/27) submitted by general practitioners, the remaining samples being taken from already hospitalized patients. All patients presenting symptoms were between 19 and 29 years old. The C. diphtheriae biotype belfanti isolate was obtained from blood cultures from a hospitalized patient. The 27 cases in 8 years in a population of 500 000 indicates an incidence of 0.68 cases per 100 000 of the Scottish population (total population 5 million). The UK Health Protection Agency (www.hpa.org. uk) suggests that 200-300 cases of nontoxigenic C. diphtheriae are seen each year in England and Wales (total population 52 million). At 300 cases, this equates to 0.58 cases per 100 000 of the population, suggesting that infection rates are slightly higher in Scotland, or that current screening regimens underestimate incidences, especially given that not all hospitals in the UK screen routinely for C. diphtheriae from throat swabs (Wren & Shetty, 2005 
Discussion
Since 1986, there has been a steady increase in the isolation of non-toxigenic C. diphtheriae in England and Wales, peaking at almost 300 cases in the year 2000 (compared On: Fri, 02 Aug 2019 15:22:10 to six cases of toxigenic diphtheria in the same year; www.hpa.org.uk). The majority of cases in Scotland were attributable to biotype gravis, as were strains from another UK study (De Zoysa et al., 2005) . However, studies in France have found that biotype mitis is more prevalent (Patey et al., 1997) , suggesting that our understanding of how biotypes are distributed within the population is lacking. Carriage rates in healthy individuals are poorly studied, with one study indicating that a high proportion of individuals may be asymptomatic carriers (Jephcott et al., 1975) whilst another suggests that asymptomatic carriage is low (Larsson et al., 1987) . Such conflicting data make it difficult to determine the importance of carriage and the potential conversion from asymptomatic carriage to disease states. However, it is known that lysogenic conversion of non-toxigenic to toxigenic strains represents a significant threat in unimmunized individuals (Mokrousov, 2009; Simmons et al., 1980) . The mechanism of pathogenicity in nontoxigenic strains, however, is poorly understood; little is known of the genes responsible for colonization, invasion and survival in the host (Ott et al., 2010) . There have been few studies to identify virulence loci outside of toxin production in C. diphtheriae, mainly due to the efficacy of the vaccine. However, this largely targets the diphtheria toxin and not the factors responsible for invasion and colonization, especially relevant for non-toxigenic C. diphtheriae. This is of particular importance due to the low levels of natural immunity (~50 %) observed in UK populations from subclinical infections (Edmunds et al., 2000) .
Recently, the strains in the cases reported here were isolated in the Grampian region, suggesting that disease caused by nontoxigenic C. diphtheriae may be rising. Our data indicate that incidences of disease are slightly higher than those reported for England and Wales, but may represent the continued screening of throat swabs at the Aberdeen Royal Infirmary, whilst many hospitals no longer screen. Wren & Shetty (2005) found that 75 % of isolates of C. diphtheriae sent for toxin testing in England and Wales originated from one laboratory, which suggests that a lack of screening is resulting in an underestimation of non-toxigenic C. diphtheriae infection rates. Indeed, it is tempting to speculate that many incidences of non-toxigenic C. diphtheriae infection are not recognized due to general practitioner treatment with standard broad-spectrum antibiotics and no further complications being observed, suggesting that the number of cases is significantly underestimated.
Given that there is a potential lack of recognition of non-toxigenic C. diphtheriae infection by healthcare professionals and the prediction that non-toxigenic C. diphtheriae is an emerging pathogen of increasing significance worldwide (Gomes et al., 2009; Mokrousov, 2009; Reacher et al., 2000) , it is suggested that there is an urgent need for increased clinical awareness, especially in immunocompromised patients where complications can arise (Wilson, 1995; Belko et al., 2000; von Hunolstein et al., 2002) . It is therefore paramount that a greater understanding of the mechanisms of nasopharyngeal carriage/invasion, the incidence rates, strain variation and population structure of non-toxigenic C. diphtheriae is obtained.
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